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ABSTRACT
Gene silencing by targeted DNA methylation has
potential applications in basic research and ther-
apy. To establish targeted methylation in human cell
lines, the catalytic domains (CDs) of mouse Dnmt3a
and Dnmt3b DNA methyltransferases (MTases) were
fused to different DNA binding domains (DBD)
of GAL4 and an engineered Cys2His2 zinc finger
domain. We demonstrated that (i) Dense DNA
methylation can be targeted to specific regions in
gene promoters using chimeric DNA MTases. (ii)
Site-specific methylation leads to repression of
genes controlled by various cellular or viral promo-
ters. (iii) Mutations affecting any of the DBD, MTase
or target DNA sequences reduce targeted methyla-
tion and gene silencing. (iv) Targeted DNA methyla-
tion is effective in repressing Herpes Simplex Virus
type 1 (HSV-1) infection in cell culture with the viral
titer reduced by at least 18-fold in the presence of
an MTase fused to an engineered zinc finger
DBD, which binds a single site in the promoter of
HSV-1 gene IE175k. In short, we show here that
it is possible to direct DNA MTase activity to
predetermined sites in DNA, achieve targeted gene
silencing in mammalian cell lines and interfere with
HSV-1 propagation.
INTRODUCTION
Methylation of cytosine residues at CG dinucleotide sites
in DNA is an important epigenetic modiﬁcation (1–4) that,
in general, leads to gene silencing (5–8). Aberrant changes
in DNA methylation often contribute to tumorigenesis (9,10)
and etiology of other diseases (11). Gene repression by DNA
methylation is mediated by methyl-cytosine binding proteins
assembled on methylated CGs (3). These proteins recruit cor-
epressors like mSin3 or Mi2-NuRD and histone deacetylase
and trigger the formation of condensed, repressive chromatin,
which leads to stable inactivation of gene expression (12).
Another repressive mechanism of DNA methylation is to
interfere with the DNA binding of transcription factors
(13,14).
DNA methylation is established by de novo DNA methyl-
transferases (MTases), Dnmt3a and Dnmt3b, during early
embryogenesis and later maintained by Dnmt1 (2,6,15).
The C-terminal catalytic domains (CDs) of Dnmt3a and 3b
are active in the absence of their N-terminal part (16,17).
They can be fused to a heterologous DNA binding domain
(DBD) in order to target methylation activity to a predeter-
mined DNA sequence (18–20). Targeted DNA methylation
was observed in vitro using a fusion protein consisting of
the DBD of Zif268 and the prokaryotic CG methytransferase
M.SssI (18). In addition, in yeast cells, Carvin et al. demon-
strated targeted methylation, after fusing the transcriptional
factor PHO5 to the viral M.CviPI MTase as well as fusing
the DBDs of zinc-ﬁnger proteins based on Zif268 with
M.CviPI and M.SssI (19,21). Targeted methylation also has
been observed using the bacterial Dam adenine-N6 MTase
and it has been applied to map the DNA binding sites of
transcription factors (20). However, so far gene silencing
by targeted methylation has not been demonstrated.
In this study, we fused DBDs of transcription factors or
engineered zinc-ﬁnger proteins to the CDs of either the
Dnmt3a or Dnmt3b DNA MTases in order to achieve targeted
DNA methylation and selective silencing of gene expression.
These fusion proteins were directed to the speciﬁc target sites
by the DBDs, such that DNA methylation only occurs in the
vicinity of these target sites. We here report targeted DNA
methylation as well as efﬁcient gene silencing in three differ-
ent reporter systems with presumably very different natural
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doi:10.1093/nar/gkl1035gene regulatory elements. This includes the TK (Human
herpesvirus 1 thymidylate kinase) promoter with added bind-
ing sequence for GAL4 (UAS), the human c-Ha-ras gene
promoter with added UAS and the immediate early IE175k
promoter of the Herpes Simplex Virus type 1 (HSV-1). We
also show that methylation-mediated gene silencing is effec-
tive in repressing infection with a wild type HSV-1. This
opens possibilities of using this strategy as an anti-viral
treatment against other, more serious human pathogens.
MATERIALS AND METHODS
Vectors construction
Construction of reporter genes. Minimal TK promoter
(158 bp) containing ﬁve repeats of the GAL4 binding
sequence (UAS) upstream of the promoter (22) was ampliﬁed
by PCR and cloned into pGL3-basic luciferase reporter gene
vector (Promega) to obtain pGL-5·UAS-Luc. TK promoter
alone was also inserted into pGL3-basic as a non-targeted
reporter gene control, named pGL-TK-Luc. Both promoter-
reporter fusions were subsequently cloned into pcDNA3.1-
neo as BglII–NotI fragments to construct 5·UAS-TK-Luc
and TK-Luc that were used in all the co-transfection experi-
ments. In addition, pcDNA-UAS-luciferase containing one
UAS upstream of the TK was constructed (UAS-TK-Luc).
Human c-Ha-ras promoter (GenBank entry number:
M13221.1) was ampliﬁed from HEK293T genomic DNA,
and cloned into MluI and HindIII sites of pGL3-basic. A
single GAL4 binding sequence (1·UAS) was introduced
upstream of the promoter to generate UAS-ras-Luc. The
entire IE175k promoter region (positions from  380 to
+30) (23) of HSV-1 was ampliﬁed from the plasmid pPO13
(gifted by P. O’Hare), and cloned into pGL3-basic to obtain
IE175-Luc. The binding site for B1 and 6F6 zinc-ﬁnger
proteins (50-GATCGGGCGGTAATGAGAT-30) was deleted
from IE175k promoter by PCR-based mutagenesis to gener-
ate IE175mut-Luc.
Construction of targeting methyltransferases. The GAL4
DNA binding domain (GBD, 1–147 amino acid of P04386)
containing a 30 amino acid linker including a myc-tag
was ampliﬁed by PCR from pGBKT7 (BD Biosciences)
and equipped with a nuclear localization signal (PKKKKRK)
at the C-terminus of GBD. The GBD was cloned into
pcDNA3.1-neo (Invitrogen), to generate pcDNA-GBD.
The CD of Dnmt3a (CD-Dnmt3a, 598–908 amino acid of
o88508) and Dnmt3b (CD-Dnmt3b, 557–859 amino acid of
NP_001003961) were cloned into pcDNA-GBD in frame
with GBD to generate GBD-3a and GBD-3b. Speciﬁc muta-
tions were introduced into the active site ENV motif of
CD-Dnmt3a and CD-Dnmt3b, by changing the ENV sequence
to ANV, and into coenzyme binding motif II (E74A) of
CD-Dnmt3a. (The ENV to ANV mutation corresponds to
E752A in full-length Dnmt3a and E703A in full-length
Dnmt3b. The CD-Dnmt3a-E74A mutation corresponds to
E660A in full-length Dnmt3a.) The CD-Dnmt3a-ENV, CD-
Dnmt3b-ENV and CD-Dnmt3a-E74A variants were shown
to be catalytically inactive (17,24). Also, two point mutations
(L32P and C38G) were introduced to GAL4 domain to
create mutGBD-3a and mutGBD-3b. These mutations were
previously demonstrated to abolish the binding of GAL4 to
its target sequence completely (25,26). DNA fragments cod-
ing for zinc-ﬁnger proteins 6F6 (containing six zinc ﬁngers
and binding to  272 to  253 of HSV-1 IE175k promoter)
and B1 (containing three zinc ﬁngers and binding to  262
to  253 of HSV-1 IE175k promoter) (23) were ampliﬁed
by high-ﬁdelity PCR and cloned into pcDNA4-myc-His-A
(Invitrogen) at HindIII and BamHI sites. The CDs of Dnmt3a,
Dnmt3b and their mutants (described above) were cloned at
BamHI and XbaI sites in frame with the zinc-ﬁnger domains
and the C-terminal myc-His tag. However, no expression of
the 6F6 and B1 fusion proteins containing Dnmt3b CD was
detectable. Therefore, for further experiments with 6F6 and
B1 only the Dnmt3a CD fusions were used. The plasmid
RG50 containing the HSV-1 VP16 gene under the control
of a CMV promoter, used for IE175k promoter activation
studies, was kindly provided by P. O’Hare. All plasmids used
for transfections with Transfast (Promega) were prepared
using Maxiprep Kit (Qiagen) while plasmids used for electro-
poration with Amaxa system (Amaxa) were puriﬁed using
Qiaﬁlter Midi Kit (Qiagen).
Cell culture and reporter gene assays
HEK293T, HCT-116 and HeLa cells were gifted by the Insti-
tute of Genetics, Justus-Liebig University of Giessen while
COS-7 cells were provided by M. Stocks of MRC LMB,
Cambridge, UK. Cells were cultured in DMEM (PAA labora-
tories GmbH) supplemented with 10% fetal calf serum (FCS)
(PAA laboratories GmbH). Brieﬂy, the HEK293T cells were
seeded in 24-well plates coated with polylysine, at the density
of 3–5 · 10
4 cells/well. Plasmids for co-transfection, which
included MTase gene vector (100–250 ng/well), GFP reporter
gene (200 ng/well), Renilla luciferase reporter gene control-
led by cytomegalovirus (CMV) (5 ng/well) (Promega) and
target ﬁreﬂy luciferase reporter gene (5–50 ng), were diluted
with serum free DMEM culture medium (200 ml/well) and
mixed with 1 ml Transfast  reagent (Promega). The transfec-
tion was performed as recommended by the supplier. The
efﬁciency of transfection was monitored by green ﬂuorescent
protein (GFP) signal count under ﬂuorescence microscope.
Four days after transfection, the culture medium was removed
and cells were lysed by adding 300 ml lysis buffer from
Renilla Luciferase Assay System (Promega, Cat. E2810) to
each well. Samples of 100 and 20 ml crude cell lysate were
transferred to different wells of a non-transparent micro
well plate (Packard) for ﬁreﬂy and Renilla luciferase activity
assay, respectively. The luciferase activity (luminescence
signal) was determined by Topcount NXT  Microplate
Scintillation & Luminescence Counter (Packard). In all trans-
fection experiments transfection yield and cell number was
normalized by co-transfection with a construct expressing
Renilla luciferase under the control of a CMV promoter.
Expression data refer to the ratio of ﬁreﬂy and Renilla lucifer-
ase expression. Luciferase activity is given as average and
standard deviation of at least three independent experiments
at different days and using different batches of cells.
Western blot analysis of protein expression
The expression of recombinant proteins and HSV-1 antigens
was monitored by western blot. Total cell lysates were
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lose membranes. In the case of GBD fusion proteins the
expression was detected using anti-GBD antibody (Roche)
while c-myc epitope tagged proteins were detected using
mAb 9E10 (Santa Cruz). Viral proteins were detected using
LP1 mAb agaist VP16 (kindly donated by S. Efstathiou)
and rabbit polyclonal antibody against IE110k r191 (kindly
donated by R. Everett). The anti-GAPDH antibody (Abcam)
was used to verify equal loading of total cell lysates. The
signal was detected by a secondary antibody fused to
horseradish peroxidase (HRP) (Roche) and visualized using
ECL detection system (Amersham Pharmacia). The same
membrane was stripped and re-blotted up to three times.
HSV-1 infection of transiently transfected cells
COS-7 cells have been grown to the conﬂuency of  75% in
DMEM 10% FCS, harvested with Trypsin and electroporated
using Amaxa Nucleofector (Amaxa Biosystems) according
to the manufacturers protocol optimized for this cell line.
Plasmid DNA used for these experiments included described
above constructs p6F6-3a, p6F6-3aE74A, pB1-3a and also
pmaxGFP (Amaxa) and p6F6KOX (23). Cells intended for
HSV-1 infection were seeded in 24-well cluster dishes at the
density of 0.5 · 10
6 cells/well and grown in DMEM 10%
FCS at 37 C. The efﬁciency of transfection was estimated
at 20–24 h after electroporation by counting a number of GFP
positive cells in a sample of pmaxGFP (Amaxa)-transfected
cells and varied between 60 and 72%. At 20–22 h after
transfection, the cells were washed with phosphate-buffered
saline (PBS). Following incubation in fresh medium supple-
mented with 10% FCS for  30 min, cells were infected
with HSV-1 strain 17 at the multiplicity of infection
(m.o.i.) of 0.05 p.f.u./cell in DMEM 2% FCS at 37 C.
After 1 h of incubation HSV-1 suspension was removed
and cells were washed and incubated in 0.5 ml DMEM 2%
FCS per well at 37 C for up to 45 h. At various time points,
post infection (p.i.) medium containing progeny virus was
harvested and used for plaque assays (see below) while cells
were washed in PBS and either harvested for western analysis
in 0.1 ml of protein loading buffer heated to  80 Co r
harvested for DNA extraction with DNeasy Tissue Kit
(Qiagen) and subsequent methylation studies.
Plaque assay
Medium samples containing HSV-1 have been serially dilu-
ted in DMEM 2% FCS and used to infect a conﬂuent mono-
layer of COS-7 cells. Infection was performed in 6-well
cluster dishes containing 2 · 10
6 cells/well in a volume of
1 ml per well. After 1 h incubation at 37 C, the virus suspen-
sion was removed and cells were overlaid with DMEM 2%
FCS supplemented with 1% CMC. Following incubation for
up to 96 h at 37 C, cells were washed in PBS and ﬁxed with
4% formaldehyde for 15 min. HSV-1 plaques were visualized
by incubation with 0.1% Toluidine Blue for 15 min at room
temperature and scored.
Bisulfite sequencing
To analyze targeted DNA methylation in the reporter systems
HEK293T cells were seeded in 6 cm plates, grown to
70–80% conﬂuency and transfected using Transfast  reagent
(Promega) with constructs encoding targeting MTases mixed
with target reporter gene at the ratio of 5:1 (GBD-3a or GBD-
3b: 5·UAS-TK-Luc ¼ 2 mg and 0.4 mg) or 20:1 (6F6-3a or
B1-3a: pGL3-IE175 ¼ 2 mg and 0.1 mg). After transfection
for 4 to 5 days, cells were harvested and washed with PBS
four times. Episomal DNA was isolated with modiﬁed
method as described (27) by Qiagen miniprep kit for plas-
mids. To analyze methylation of HSV-1 DNA, COS-7 cells
were transfected and infected as described above. At 30 h
p.i. cells were harvested and total cellular DNA (also contain-
ing HSV-1 DNA) was isolated using DNeasy Tissue Kit
(Qiagen). Puriﬁed DNA was digested by SalI for 4 h, puriﬁed
by Qiagen PCR puriﬁcation Kit. Bisulﬁte conversion was
carried out as the standard procedure as described (28).
The converted DNA was ampliﬁed by PCR with primers
speciﬁc for the bisulﬁte converted template. The ampliﬁed
fragments were cloned into TOPO-TA vectors (Invitrogen
Life Technology Inc.) and individual clones were used for
sequencing.
Statistical analysis
All statistical analysis have been performed using two
ﬂanked t-tests.
RESULTS
De novo DNA methylation targeted to UAS promoter
region by GAL4 DBD-MTase fusion constructs
To target DNA methylation to a predetermined site in human
cells, we fused the CDs of the de novo DNA MTases Dnmt3a
or Dnmt3b with the GBD. The resulting constructs were
named GBD-3a and GBD-3b, respectively (Figure 1A). The
GBD-3a and GBD-3b fusion proteins and all their variants
were transiently expressed at comparable levels in HEK293T
cells (Supplementary Figure 1). Targeted DNA methylation
was studied using the 5·UAS-TK-Luc reporter plasmid
that contains ﬁve repeats of the GAL4 binding sequence
(upstream activator sequence, UAS) inserted upstream of
the minimal TK promoter, which controls the ﬁreﬂy lucifer-
ase reporter gene (Figure 1A). The reporter plasmid was
co-transfected with the GBD-3a or GBD-3b construct into
HEK293T and 4–5 days after transfection, the reporter
DNA was retrieved and its methylation status analyzed by
bisulﬁte sequencing. In agreement with earlier observations
(29) no endogenous de novo methylation was detected either
on the TK promoter or the ﬁve UAS repeats when the reporter
construct was co-transfected with the vector expressing GBD
in the absence of the MTase domain (Figure 1B). In contrast,
when the reporter construct was co-transfected with GBD-3a
or GBD-3b, dense methylation on both TK promoter and the
UAS sequence, including its upstream ﬂanking sequence, was
detected in the majority of the clones (Figure 1C). In the case
of GBD-3b, the methylation extends up to 80 bp into the
50 part of the TK promoter adjacent to the UAS sequence.
Altogether GBD-3b methylated DNA within a region of
 230 bp containing 22 CG sites, which were methylated to
41%. In the case of GBD-3a, the targeted methylation
extended over the longer region comprising 330 bp and
37 CG sites methylated to 56% on average.
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depended on the speciﬁc DNA binding activity of GBD, a
double mutation (L32P and C38G) was introduced into
GBD that abolishes its DNA binding (25,26). To study depen-
dence of the targeted methylation on the catalytic activity of
the MTase domains, speciﬁc mutations were introduced into
catalytic motifs VI and II of Dnmt3a (ENV to ANV and
E74A, respectively) or motif VI of Dnmt3b (ENV to ANV)
that were known to inactivate the enzymes (17,24). When
the reporter gene was co-transfected with fusion proteins
containing the inactive MTase domain or the mutated GBD,
little or no methylation was observed (Figure 1D) although
the fusion constructs were expressed at the levels comparable
to the levels of GBD-3a and GBD-3b (Supplementary Figure 1).
Additionally, no methylation was observed within the ﬁreﬂy
luciferase coding sequence located >1000 bp downstream of
the target site, after co-transfection of 5·UAS-TK-Luc with
GBD-3a or GBD-3b (Figure 1E). These results demonstrate
Figure 1. Targeted methylation at the 5·UAS-TK promoter region in HEK293T cells analyzed by bisulfite sequencing. (A) Schematic representation of the
reporter constructs encoding the TK promoter fused to the luciferase firefly gene constructs as well as the constructs coding for targeted DBD-MTase fusion
proteins. Targeted promoters contain one or five copies of the GAL4 binding sites (UAS). (B–D) Bisulfite sequencing of the promoter regions of the reporter
constructs. Each line represents one individual clone sequenced. The empty squares denote for unmethylated CG sites, the filled ones for methylated sites. The
location of the CG sites (1–26) within the 5·UAS-TK promoter region is schematically shown in (B). (B) Co-transfection of the 5·UAS-TK-Luc reporter
construct with GBD only. (C) Co-transfection of 5·UAS-TK-Luc with GBD-3a or GBD-3b. The totally unmethylated clones #11 and 12 for 5·UAS-TK/GBD-3a
and #9 and 10 for 5·UAS-TK/GBD-3b probably were PCR amplified from plasmids that were not taken up by the cells during the transfection procedure.
(D) Co-transfection of 5·UAS-TK-Luc with the mutGBD-3a, mutGBD-3b, GBD-3a-ANV/E74A or GBD-3b-ANV variants. The mutGBD-3a and 3b variants
carry an inactivated GBD domain. The MTase domain of the GBD-3a-ANV/E74A and GBD-3b-ANV is inactivated by mutations. (E) DNA methylation within
the luciferase gene  1 kb downstream of the TK promoter after co-transfecion of the 5·UAS-TK-Luc reporter gene with GBD-3a and GBD-3b.
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methylate DNA in the neighborhood of their UAS target
sequence.
Targeted DNA methylation leads to specific repression
of gene expression
The inﬂuence of targeted DNA methylation on gene expres-
sion was investigated using 5·UAS-TK-Luc and TK-Luc
(without UAS) as a control. The ﬁreﬂy luciferase gene was
expressed at similar levels from both 5·UAS-TK-Luc and
TK-Luc in HEK293T cells (Supplmentary Figure 5). The
expression of the luciferase gene was strongly silenced after
in vitro methylation of the reporter plasmids by M.SssI,
which demonstrated the sensitivity of this promoter to DNA
methylation (Supplementary Figure 2). Co-transfection assays
showed that GBD-3a and GBD-3b repress the 5·UAS-TK
reporter gene expression by 6- and 3-fold, respectively
(Figure 2A), co-transfection with GBD expressing vector
did not inﬂuence expression (Supplementary Figure 5). To
conﬁrm that the repression of the 5·UAS-TK depends on
the speciﬁc DNA binding activity of the GBD, the mutant
form of GBD was used that lacks speciﬁc DNA binding.
The fusion proteins comprising GBD-variant and Dnmt3a
or Dnmt3b were expressed at similar level, as the wild-type
forms (Supplementary Figure 1) but they have lost the ability
to repress the UAS-TK reporter gene almost completely
(Figure 2B and C). This ﬁnding demonstrates that speciﬁc
DNA binding by the GBD is necessary for targeted gene
silencing to occur. To further conﬁrm this conclusion,
Figure 2. Specific repression of the luciferase reporter gene by GBD-MTase fusion constructs. (A) GBD-3a, GBD-3b and GBD expression constructs were
co-transfected with firefly luciferase reporter plasmids 5·UAS-TK-Luc or TK-Luc into HEK293T cells and the reporter gene activity determined.
(B) Co-transfection of the 5·UAS-TK-Luc reporter plasmid with GBD, GBD-3a, mutGBD-3a and GBD-3a-ANV/E74A expression vectors into HEK293T cells.
(C) Co-transfection of the 5·UAS-TK-Luc reporter plasmid with GBD, GBD-3b, mutGBD-3b and GBD-3b-ANV expression vectors into HEK293T cells.
(D) Co-transfection of the UAS-TK-Luc reporter plasmid with GBD, GBD-3a, GBD-3a-ANV/E74A, GBD-3b and GBD-3b-ANV into HEK293T cells.
(E) Co-transfection of UAS-ras-Luc and ras-Luc reporter plasmids with the GBD, GBD-3a, GBD-3a-ANV/E74A, GBD-3b and GBD-3b-ANV into HEK293T
cells. In each case the error bars give the standard deviations of at least three independent experiments. (F) Competition experiment of GBD-3a and GBD. To
investigate the targeting function of the Zinc finger, GBD-3a or GBD-3b were co-transfected with the 5·UAS-TK-Luc reporter plasmid construct together with
increasing amounts of a construct that expresses GBD. The total amount of DNA for transfection was normalized by empty vector. The numbers below the axis
indicate the amount of DNA of each construct (ng/well in 24-well plate) used in each transfection.
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different amounts of the vector expressing only GBD (total
DNA content was equalized by adding an empty vector). In
this experiment GBD competes with GBD-3a for binding to
target sites but could not lead to methylation or gene silen-
cing. As shown in Figure 2F GBD reduces gene silencing
by GBD-3a in a concentration dependent manner. Similar
data were obtained for GBD-3b (data not shown). These
results conﬁrm that the GBD-MTase fusion proteins were
targeted by GBD to the DNA.
To investigate whether the MTase activity is necessary for
the repression of the 5·UAS-TK reporter gene, the fusion
proteins comprising GBD and catalytically inactive Dnmt3a
or Dnmt3b domains were employed. We observed residual
repression of the 5·UAS-TK reporter gene with both cataly-
tically inactive variants (Figure 2B and C). However, in both
cases the loss of MTase activity signiﬁcantly reduced the
level of repression of the 5·UAS-TK reporter (P-values:
1.3 · 10
 2 for Dnmt3a and 1.2 · 10
 3 for Dnmt3b). While
repression was almost 5.9-fold with the GBD-3a, the cataly-
tically inactive variant GBD-3a-AND-E74A only led to a
1.8-fold repression indicating that the efﬁciency of repression
is reduced 3-fold (Figure 2B). In the case of GBD-3b, the
level of repression was reduced from 2.7-fold with the active
MTase domain to 0.6-fold with the catalytically inactive
domain, which represents a 4.5-fold change in efﬁciency
(Figure 2C). The residual repression observed when the cata-
lytically inactive Dnmt3a and Dnmt3b domains were used,
might be caused by the interaction of these enzymes with
other proteins that repress gene expression (30–35). These
results demonstrate that the repression of the 5·UAS-TK
promoter by GBD-3a and GBD-3b was in part mediated by
DNA methylation. It is in agreement with the general view
that DNA methylation contributes to gene silencing, but it
is not the only process involved.
To explore whether a single GAL4 binding site is sufﬁcient
to recruit GBD-3a or GBD-3b and repress the gene expres-
sion driven by the targeted promoter, the ﬁve UAS repeats
upstream of TK were replaced by a single one. As shown
in Figure 2D, the expression of the UAS-TK-Luc reporter
gene was repressed efﬁciently by GBD fused MTases. Inacti-
vation of the MTase domain reduced repression 2.8- and
4.8-fold for GBD-3a and GBD-3b, respectively, (P-values
2.9 · 10
 2 and 3.7 · 10
 4) indicating that MTase activity
was important for the repression. Additional co-transfection
assays in HCT-116 and HeLa cells showed that the repression
of the reporter gene by GBD-3b (Supplementary Figure 3)
or GBD-3a (data not shown) was not cell type dependent.
Targeted gene silencing of the human c-Ha-ras
promoter
To explore whether targeted methylation and gene silencing
can be also achieved with promoter sequences other than
TK, human Ha-ras promoter was used. The ﬁreﬂy luciferase
reporter gene under the control of the ras promoter was fused
to a single UAS sequence upstream of the promoter (UAS-
ras-Luc). A ras-Luc construct without the UAS was used as
a control. Expression levels of luciferase from both constructs
were identical (Supplementary Figure 6). In vitro methylation
of the UAS-ras promoter by M.SssI resulted in the complete
silencing of the promoter (Supplementary Figure 2). UAS-
ras-Luc and ras-Luc reporter gene constructs were co-
transfected into HEK293T cells with the plasmids encoding
GBD-MTases. As shown in Figure 2E, the expression of
ras-Luc was not affected by either GBD-3a or GBD-3b,
while expression of UAS-ras-Luc was repressed by both
GBD-3a and GBD-3b. The mutations in the CD of Dnmt3a
and 3b resulted in an almost complete loss of repression
(P-values <10
 5 and 9 · 10
 4 for GBD-3a and GBD-3b)
indicating that targeted DNA methylation causes the silen-
cing of reporter gene expression.
Targeted methylation of HSV-1 IE175k promoter by
synthetic zinc-finger DBDs fused to the CD of Dnmt3a
Having shown that (i) chimeric MTases that contain GBD
are capable of targeting methylation to predetermined DNA
sites in the cell and (ii) the site-speciﬁc methylation by
GBD-methyltransferases leads to silencing of target promo-
ters, we set to develop a more universal system for targeting
MTases to any DNA site. Over the past decade, Cys2His2
zinc ﬁngers have emerged as universal DBD, which can be
engineered to bind potentially any given DNA sequence
(36,37). To validate the feasibility of targeting DNA methy-
lation with zinc ﬁnger DBDs to facilitate gene repression,
two engineered zinc-ﬁnger proteins B1 and 6F6, previously
shown to bind speciﬁcally within the same target sequence
in the HSV-1 immediate early gene IE175k promoter (23),
were fused to the CD of Dnmt3a (Figure 3A). B1 and 6F6
comprise three and six zinc ﬁngers, respectively, and 6F6
binds to the target site with much higher afﬁnity (23).
The B1/6F6 binding site is one of the two sites in IE175k
promoter, which during HSV-1 infection is bound by the
transcriptional activation complex containing VP16 (38).
To determine whether these synthetic zinc-ﬁnger DBDs
could direct the CD of Dnmt3a to the target DNA sequence
and facilitate DNA methylation, the luciferase reporter
gene was cloned under the control of the IE175k promoter
(IE175-Luc in Figure 3A), and the reporter plasmid was
co-transfected with B1-3a or 6F6-3a into HEK293T cells.
Both 6F6-3a and B1-3a were expressed at comparable levels
(data not shown). Four days after transfection, episomal DNA
was extracted and DNA methylation analyzed by bisulﬁte
sequencing. As shown in Figure 3B, almost no methylation
was observed in IE175k promoter co-transfected with the
6F6 zinc-ﬁnger DBD alone (lacking MTase domain) while
co-transfection with B1-3a resulted in 57 CGs within the
IE175k sequence being methylated to 81% on average
(Figure 3C). The two CG sites within the B1/6F6 binding
site were methylated to 96%. In co-transfection of IE175k
promoter with 6F6-3a, slightly lower levels of methylation
were observed (the average methylation density was 53%)
(Figure 3C). Our ﬁnding that the level of methylation by
6F6-3a is lower than in a case of B1-3a, despite 6F6 binding
DNA with much higher afﬁnity (23), could be explained
by B1 exhibiting a higher koff from the DNA, which might
allow more efﬁcient methylation of the DNA in the vicinity
of the target site.
To study the speciﬁcity of targeting, the B1/6F6 zinc-
ﬁnger binding sequence GATCGGGCGgTAATGAGAT was
deleted from the IE175k promoter (IE175mut-Luc Figure 3A).
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ected on the mutated IE175k promoter after co-transfection
with B1-3a or 6F6-3a. In addition, no methylation was
detected either in the region of the luciferase gene 1 kb
downstream from the promoter or within the CMV promoter
that drives expression of the Renilla luciferase gene, used for
internal normalization of transfection efﬁciency (Figure 3E).
Furthermore, we analyzed methylation at two CG islands in
the unrelated promoter regions of the SON and TTC3 genes
which are both unmethylated. After transfection with 6F6-3a
Figure 3. Targeted methylation of the IE175k promoter by 6F6-3a or B1-3a as analyzed by bisulfite sequencing. (A) Schematic representation of the reporter
constructs comprising the wild-type IE175k promoter (IE175) or the IE175k promoter with deleted B1/6F6 site (IE175mut) fused to firefly luciferase gene and
the constructs encoding targeted methyltransferase fusion proteins B1-3a and 6F6-3a. (B–D) DNA Methylation analysis of the IE175k promoter after
co-transfection with MTase expression constructs into HEK293T cells. Each line represents an individual clone. The empty squares represent unmethylated CG
sites, whereas the filled ones methylated sites. In (B) the IE175-Luc reporter gene is co-transfected with 6F6. In (C) IE175-Luc is co-transfected with 6F6-3a or
B1-3a and in (D) the IE175mut-Luc construct is co-transfected with 6F6-3a or B1-3a. The B1/6F6 binding site is marked in panel B. (E) DNA methylation within
the luciferase gene  1 kb downstream of the target site (downstream site) in IE175-Luc and within the CMV promoter of the Renilla luciferase gene that was
used for internal normalization in the presence of 6F6-3a and B1-3a.
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(Supplementary Figure 4). These results demonstrate that
the B1-3a and 6F6-3a proteins cause a speciﬁc methylation
at the IE175k target site. The catalytic activity of the
Dnmt3a as well as the zinc-ﬁnger DBD and the intact
zinc-ﬁnger binding site were all necessary for the targeted
methylation.
Targeted methylation leads to specific repression
of HSV-1 IE175k promoter
To determine the sensitivity of the IE175k promoter to DNA
methylation, the IE175-Luc plasmid was methylated in vitro
by M.SssI, and then transfected into HEK293T cells. The
results indicated that the IE175k promoter is highly sensitive
to DNA methylation both in the presence and in the absence
of VP16, which is a HSV-1 encoded transcriptional activator
of this promoter (Supplementary Figure 2).
In co-transfection reporter gene assays, the 6F6 zinc-ﬁnger
protein was used as a control. The 6F6 itself did not repress
the expression of IE175-Luc under these conditions (data
not shown). At 72 h after co-transfection with IE175-Luc,
both B1-3a and 6F6-3a caused repression of IE175-Luc by
2 to 3-fold (Figure 4A). The repressive effect of 6F6-3a on
IE175k was reduced signiﬁcantly when the catalytically inac-
tive E74A variant of Dnmt3a was used (P-value: 3.5 · 10
 3).
Residual repression with the inactive variant was only
0.4-fold, which corresponds to a 4.4-fold reduced efﬁciency
of silencing in the absence of targeted DNA methylation.
To study the speciﬁcity of repression, the B1/6F6 zinc-ﬁnger
binding sequence was deleted from the promoter. The dele-
tion itself increased the basal expression from this promo-
ter (Supplementary Figure 7). Interestingly, both B1-3a and
6F6-3a lost the ability to repress the mutated IE175-Luc,
indicating that the B1 and 6F6 zinc ﬁnger DBDs direct the
activity of the Dnmt3a CD to their target sites. This conclu-
sion was further conﬁrmed by a competition experiment,
which showed that the addition of 6F6 alone inhibits gene
silencing mediated by 6F6-3a in a concentration dependent
manner (Figure 4B).
Targeted methylation causes a reduction of HSV-1
titer during HSV-1 lytic infection
Having demonstrated that targeted methylation can be
achieved using zinc ﬁngers as DBD and that HSV-1 IE175k
promoter can be silenced by such methylation in the reporter
system, an attempt was made to determine if a similar effect
can be observed during HSV-1 infection. The IE175k tran-
scriptional regulator targeted here is one of the ﬁrst viral
genes to be expressed and it directly induces early and late
genes (39). In order to test if 6F6-3a and B1-3a are capable
of (i) accessing their binding sites in HSV-1 DNA during
viral infection and (ii) inhibiting IE175k gene activity by
targeted methylation of its promoter, COS-7 cells were ﬁrstly
transfected with plasmids expressing either active chimeric
Mtases (6F6-3a or B1-3a) or control proteins. The controls
included constructs expressing zinc ﬁnger domain 6F6 fused
to either mutant Dnmt3a (6F6-3a-E74A) or KRAB repression
domain of KOX-1 (6F6-KOX) (23,40). The subsequent infec-
tion with wt HSV-1 strain 17 was carried out at a low m.o.i.
of 0.05 p.f.u./cell. At various times p.i. cells were harvested
and used to isolate total DNA, which included HSV-1 DNA.
The methylation of the IE175k promoter was studied by
bisulﬁte sequencing of viral DNA puriﬁed from infected
cells expressing targeted MTases (Figure 5). As shown in
Figure 5B after 30 h, most clones exhibited a low methylation
of HSV-1 DNA of below 10% after correction for incomplete
conversion, (which was between 5 and 10% in the various
clones). The higher level of basal methylation observed
here as compared to the other experiments, could be due to
the different host cells used or a stimulation of the endogen-
ous methylation activity by the viral infection. It has been
shown that infection with several viruses including HIV-1,
hepatitis B, adenovirus and Epstein–Barr virus up regulates
DNA MTases (41–44). In addition, a Kaposi’s sarcoma-
associated herpes virus protein has been shown to recruit
Dnmt3a to DNA (45).
The methylation levels of the 6F6-KOX and 6F6-3a-E74A
samples were identical (P-value: 0.23). Signiﬁcantly, when
HSV-1 was propagated in cells expressing either the 6F6-
KOX or 6F6-3a-E74A control proteins, no clones were
methylated above 30%. However, in cells expressing 6F6-
3a about one-third of all clones displayed a dense methylation
of >30%. In cells expressing B1-3a, the fraction of highly
methylated clones was lower. Using the 6F6-KOX and
6F6-3a-E74A data as reference a two ﬂanked t-test indicates
high signiﬁcance of these changes (P-value <0.01). This
Figure 4. Targeted repression of the IE175k promoter by synthetic zinc-
finger proteins fused to the CD of Dnmt3a. (A) The IE175-Luc or IE175mut-
Luc reporter plasmids were co-transfected with 6F6, 6F6-3a, B1-3a or 6F6-
3a-E74A into HEK293T cells. The IE175mut promoter does not contain the
binding site for the engineered zinc finger protein B1/6F6. The Dnmt3a-E74A
variant is catalytically inactive. The luciferase activity of reporter gene
co-transfected with 6F6 was set to 100%. The error bars indicate the standard
deviations of at least three independent experiments. (B) Competition between
6F6-3a and 6F6. To investigate the targeting function of the zinc-finger DBD,
constant amounts of IE175-Luc and 6F6-3a were co-transfected with different
concentrations of a construct expressing only 6F6, while the total amount of
DNA in each transfection was normalized by adding an empty vector.
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HSV-1 DNA while the virus propagates in the cell. It has to
be noted that potentially, methylation can occur on the initial
as well as on the progeny HSV-1 DNA, during the progress of
the lytic infection.
The lower level of methylation observed with the active
DNA MTases as compared to the previous co-transfection
experiments can be explained as follows (i) in these experi-
ments targeted DNA methylation has to be introduced against
the rapid DNA replication of the viral genome (ii) only DNA
Figure 5. (A) Methylation status of HSV-1 DNA isolated during progressing viral infection. Analyses were performed at 30 h after infection of COS-7 cells
transiently expressing targeted DNA Mtases (6F6-3a or B1-3a) or control proteins (6F6-KOX or catalytically inactive 6F6-3a-E74A). The analyzed region
corresponds to IE175k promoter sequence containing the B1/6F6 binding site. Each line represents an individual clone. The empty squares represent
unmethylated CG sites, whereas the filled ones represent methylated sites. (B) Comparison of the methylation levels of clones obtained in the bisulfite
methylation analysis of the IE175k promoter region of HSV-1 DNA after infection of COS-7 cells expressing targeted DNA MTases [examples of the data are
shown in (A)]. Methylation levels were corrected for the incomplete bisulfite conversion, which was between 2 and 10% in each case.
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6F6-3a or B1-3a constructs ( 60%) could be speciﬁcally
methylated while viral DNA isolated from untransfected
cell ( 40%) remains unaffected. In the previous experiments
co-transfection of reporter gene and targeted MTase con-
structs ensured that in the majority of cells reporter plasmids
co-existed with the MTase.
Further we examined the impact of methylation of the
IE175k promoter on HSV-1 lytic cycle at low m.o.i. The
HSV-1 virus was propagated in cells transiently expressing
either one of the chimeric MTases (6F6-3a or B1-3a) or
control zinc ﬁnger proteins (6F6-3a-E74A or 6F6-KOX) as
described above. All these proteins were expected to have
some inhibitory effect on HSV-1 propagation, since all of
them contain engineered zinc ﬁnger DBDs designed to com-
pete with HSV-1 activator VP16 for binding to the B1/6F6
site (23). At 30 and 45 h p.i. cells and corresponding culture
media samples containing viral progeny, were harvested. The
lysates of the cells that express different zinc ﬁnger fusion
proteins after infection with wt HSV-1 were analyzed by wes-
tern blots (Figure 6A). In the cells expressing the chimeric
MTases 6F6-3a and B1-3a, HSV-1 infection cycle was
progressing slower as indicated by lower levels of immediate
early protein IE110k and late protein VP16 after 30 h, when
compared with the cells expressing control fusion proteins
and cells transfected with the empty vector (pcDNA 3.1), in
which HSV-1 propagates the fastest.
The comparable amounts of viral proteins in 6F6-3a and
control samples observed at 45 h p.i. indicate that at that late
time point a similar fraction of surviving cells are infected.
This suggests that the protection offered by the targeted
MTase is less efﬁcient during the later phases of the experi-
ment, when secondary infection is expected to take place
at higher m.o.i. This is in agreement with additional experi-
ments carried out at higher initial m.o.i. (data not shown).
In the control experiments (6F6-3a-E74A and 6F6-KOX) at
45 h many cells have already released progeny virus and
have been lysed. Therefore, their viral protein content is no
longer detected in Figure 6A.
Having shown that the presence of chimeric methylases
can alter the levels of expression of HSV-1 proteins during
the course of primary infection (30 h), we were interested
to determine if methylation of HSV-1 DNA in the region
of IE175k promoter affects the ﬁnal titer of viable viral
particles. To this end, the medium containing progeny virus
particles was harvested at different times after infection of
the cell expressing the active chimeric MTases (6F6-3A or
B1-3a) or the 6F6-KOX and 6F6-3a-E74A control proteins,
and the number of progeny virus particles was determined.
As shown in Figure 6B, a signiﬁcant reduction in the number
of infectious particles was observed in the presence of 6F6-3a
(P-values <10
 5). This effect is already detectable at 30 h
post infection and it becomes very prominent at 45 h
p.i. when the viral titer is more than 18-fold lower than
the titer obtained from cells expressing 6F6-3a-E74A. A
signiﬁcant reduction was also observed when HSV-1 infec-
tion was carried out in the cells expressing B1-3a (P-values
<10
 5).
From the comparison of Figure 6A and B it should be
noticed that Figure 6A shows the amount of viral proteins
in cells that are still alive, while Figure 6B shows the total
amount of infectious viral particles that accumulated through-
out the complete experiment. In the time interval from 30 to
45 h p.i. the viral titer increased slower in the presence of
6F6-3a or B1-3a than in the control experiments (6F6-3a-
E74A and 6F6-KOX), where in after 30 h the infection was
already well advanced as indicated by the western blot results
(Figure 6A). In contrast, in cells expressing 6F6-3a or B1-3a
the infection was clearly delayed at 30 h, which accounts for
fewer virus progeny produced in the time interval between 30
and 45 h p.i. This result indicates that expression of 6F6-3a,
and to a lesser extent also B1-3a, can inhibit HSV-1 propa-
gation in a cell culture system.
The 18-fold reduction in HSV-1 titer in the presence of
6F6-3a is noteworthy taking into account that (i) only the
portion of transiently transfected cells ( 60%) expresses
6F6-3a or other fusion proteins and (ii) methylation-mediated
inhibition of HSV-1, in our system, is measured against a
control where HSV-1 is grown in the presence of the cataly-
tically inactive 6F6-3a-E74A mutant. This fusion protein,
however, is still capable of binding to the B1/6F6 site and,
therefore, competing with the VP16 activation complex.
Therefore the overall inhibitory effect of 6F6-3a on HSV-1
propagation could be considered to be even greater, when
viewed as a combination of effects exerted by targeted
DNA methylation by Dmnt3a and promoter blocking by
the 6F6 DBD.
Figure 6. Inhibition of viral lytic cycle by zinc-finger MTase fusion
constructs. (A) western blot analysis of the expression of HSV-1 antigens
during the course of low multiplicity infection with HSV-1. Cells were
transfected with zinc finger MTase or control constructs expressing 6F6-3a,
B1-3a, 6F6-3a-E74A or 6F6-KOX (as indicted), infected with wt HSV-1 and
harvested after 30 or 45 h p.i. Expression of HSV-1 VP16 was detected with
mAb LP1 while expression of HSV-1 IE110k was detected using r191
antibody. Equal loading of the samples was verified using antibody against
cellular protein GAPDH. (B) Inhibition of HSV-1 propagation by 6F6-3a and
B1-3a. Culture medium samples harvested at 30 and 45 h after the infection
with HSV-1 at low m.o.i were used for plaque assays on confluent
monolayers of COS-7 cells, in 10-fold serial dilutions of the virus. The
graph shows relative number of infectious HSV-1 particles released into the
medium at indicated times p.i. from cells expressing active MTases (6F6-3a
and B1-3a), catalytically inactive 6F6-3a-E74A mutant or 6F6-KOX fusion
proteins. The error bars give the standard deviation of at least three
independent experiments.
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In this study we have demonstrated that DNA methylation
can be targeted to predetermined promoter regions and
efﬁciently repress reporter gene expression. Targeted DNA
methylation was achieved by fusing natural or engineered
DBDs to the CD of mouse de novo DNA MTase Dnmt3a
or 3b. DNA methylation and gene silencing were abolished
when catalytically inactive DNA MTases were used, the
DBD was mutated, or the target sequence in the promoter
region was deleted. Therefore, it provides the evidence that
targeted gene methylation can be directly responsible for
gene silencing.
The stable silencing of gene expression by DNA methy-
lation observed here suggests that targeted DNA methylation
could provide a powerful technology for speciﬁc gene silen-
cing. Unregulated gene expression is often a central mechan-
ism of disease. For example viral infections are characterized
by the preferential expression of viral genes, and in cancer,
up-regulated expression of oncogenes is frequently observed.
Silencing of such genes by transcriptional inactivation could
be an approach for therapy of these diseases. Furthermore,
gene silencing by targeted methylation that is speciﬁc and
stable could have applications in basic research and could
be eventually used to directly correct some epigenetic defects
as observed in many cancers (46). However, before a thera-
peutic application of the targeted methylation approach
presented here could be considered, a genome wide scan for
non-target methylation is required.
While we have shown that targeted methylation is a feasi-
ble approach to repress the propagation of viral infections
in cell culture it ought to be compared with the previous
approaches, which used engineered zinc ﬁnger DBDs fused
to repressor domains (23,47–49). The advantage of using
targeted DNA methylation for gene silencing over the use of
a gene repressor like the KRAB domain of KOX-1, is that
the MTase has a direct enzymatic activity. Therefore, lower
efﬁciency of targeting can lead to stable inhibition. Moreover,
the DNA MTase introduces a permanent silencing imprint on
DNA, which is propagated in vivo and remains stable even
after dissociation of the modifying fusion protein. In agree-
ment with this hypothesis we show here that 6F6-3a is signif-
icantly more efﬁcient in gene silencing than 6F6-KOX
(Figure 6B). In addition, B1-3a showed similar efﬁcacy as
6F6-KOX in the present study, while B1-KOX was much
less efﬁcient than 6F6-KOX (23).
Evidence from various studies suggests that in the bio-
logical context Dnmt3a and 3b are targeted to speciﬁc
genomic sites by interaction with other proteins, which bind
either DNA or chromatin, such as RP58, HP1, c-myc, PU.1,
SETDB1, Mbd3, Hdac1, Brg1 or p53 (31,32,50–54). We
observed that targeted methylation induces dense methylation
of DNA regions comprising up to 380 bp on both sides of the
speciﬁc DNA binding site. In contrast, in their pioneering
study conducted in vitro, Xu and Bestor have observed that
a Zif268-M.SssI fusion protein methylates single CG sites
16–22 bp upstream of the Zif268 binding site (18). This dif-
ference suggests that the initial methylation by Dnmt3a or 3b,
targeted to the DNA by a heterologous DBD, might serve as a
trigger for an epigenetic response. For example, the targeted
methylation could induce histone 3 lysine 9 methylation and
histone deacetylation (55–58). In turn, these responses could
trigger additional DNA methylation (59–62). Alternatively,
spreading of methylation could be mediated by Dnmt1,
which could be recruited to DNA by Dnmt3a (63,64). Our
data suggest that the CD of Dnmt3a and 3b are able to recruit
endogenous gene silencing activities.
In summary, our study demonstrates for the ﬁrst time
in transient co-transfection experiments that, targeted DNA
methylation can be employed for gene silencing in human
cells. Using this approach we silenced different promoters
including the human Ha-ras oncogene promoter and the viral
IE175k promoter by targeted methylation and demonstrated
that, targeted DNA methylation antagonizes viral infection
in the cell culture model. Whether this approach is also
applicable to endogenous genes in the context of natural chro-
matin needs further investigation. For anti-viral applications,
fusion to a more active DNA MTase domain might provide
a stronger and less transient protective effect, that might
justify proceeding to animal studies. Furthermore, for future
application of this technique, the problem of MTase delivery
to the target tissue has to be solved.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR online.
ACKNOWLEDGEMENTS
This project was supported by the BMBF BioFuture and
NGFN-2 program grants to A.J. and a FEBS Long-Term
Fellowship to M.M. The authors wish to thank Nicoletta
Landsberger for providing the initial 5·UAS-TK construct,
Peter O’Hare for plasmids pPO13 and RG50 and Stacey
Efstathiou for high titer stock of HSV-1 strain 17 and MAb
LP1. Thanks are also due to Ms Sandra Becker for technical
assistance and Roger Everett for the antibody against HSV-1
IE110k protein. the authors would also like to thank Sir Aaron
Klug for his valuable suggestions and the critical reading of
this manuscript and Dr A. Pingoud for interesting discussions
and support. Funding to pay the Open Access publication
charges for this article was provided by BMBF.
Conflict of interest statement. None declared.
REFERENCES
1. Reik,W., Dean,W. and Walter,J. (2001) Epigenetic reprogramming in
mammalian development. Science, 293, 1089–1093.
2. Jones,P.A. and Takai,D. (2001) The role of DNA methylation in
mammalian epigenetics. Science, 293, 1068–1070.
3. Bird,A. (2002) DNA methylation patterns and epigenetic memory.
Genes Dev., 16, 6–21.
4. Felsenfeld,G. and Groudine,M. (2003) Controlling the double helix.
Nature, 421, 448–453.
5. Chen,W.G., Chang,Q., Lin,Y., Meissner,A., West,A.E., Griffith,E.C.,
Jaenisch,R. and Greenberg,M.E. (2003) Derepression of BDNF
transcription involves calcium-dependent phosphorylation of MeCP2.
Science, 302, 885–889.
6. Li,E. (2002) Chromatin modification and epigenetic reprogramming in
mammalian development. Nature Rev. Genet., 3, 662–673.
7. Ehrlich,M. (2003) Expression of various genes is controlled by DNA
methylation during mammalian development. J. Cell. Biochem., 88,
899–910.
110 Nucleic Acids Research, 2007, Vol. 35, No. 18. Siegfried,Z., Eden,S., Mendelsohn,M., Feng,X., Tsuberi,B.Z. and
Cedar,H. (1999) DNA methylation represses transcription in vivo.
Nature Genet., 22, 203–206.
9. Feinberg,A.P. and Tycko,B. (2004) The history of cancer epigenetics.
Nature Rev. Cancer, 4, 143–153.
10. Jones,P.A. (2003) Epigenetics in carcinogenesis and cancer prevention.
Ann. N. Y. Acad. Sci., 983, 213–219.
11. Egger,G., Liang,G., Aparicio,A. and Jones,P.A. (2004) Epigenetics in
human disease and prospects for epigenetic therapy. Nature, 429,
457–463.
12. Nan,X., Ng,H.H., Johnson,C.A., Laherty,C.D., Turner,B.M.,
Eisenman,R.N. and Bird,A. (1998) Transcriptional repression by the
methyl-CpG-binding protein MeCP2 involves a histone deacetylase
complex. Nature, 393, 386–389.
13. Watt,F. and Molloy,P.L. (1988) Cytosine methylation prevents binding
to DNA of a HeLa cell transcription factor required for optimal
expression of the adenovirus major late promoter. Genes Dev., 2,
1136–1143.
14. Iguchi-Ariga,S.M. and Schaffner,W. (1989) CpG methylation of the
cAMP-responsive enhancer/promoter sequence TGACGTCA abolishes
specific factor binding as well as transcriptional activation. Genes Dev.,
3, 612–619.
15. Hermann,A., Gowher,H. and Jeltsch,A. (2004) Biochemistry and
biology of mammalian DNA methyltransferases. Cell. Mol. Life Sci.,
61, 2571–2587.
16. Gowher,H. and Jeltsch,A. (2002) Molecular enzymology of the
catalytic domains of the Dnmt3a and Dnmt3b DNA methyltransferases.
J. Biol. Chem., 277, 20409–20414.
17. Reither,S., Li,F., Gowher,H. and Jeltsch,A. (2003) Catalytic
mechanism of DNA-(cytosine-C5)-methyltransferases revisited:
covalent intermediate formation is not essential for methyl group
transfer by the murine Dnmt3a enzyme. J. Mol. Biol., 329, 675–684.
18. Xu,G.L. and Bestor,T.H. (1997) Cytosine methylation targetted to
pre-determined sequences. Nature Genet., 17, 376–378.
19. Carvin,C.D., Dhasarathy,A., Friesenhahn,L.B., Jessen,W.J. and
Kladde,M.P. (2003) Targeted cytosine methylation for in vivo detection
of protein-DNA interactions. Proc. Natl Acad. Sci. USA, 100,
7743–7748.
20. van Steensel,B. and Henikoff,S. (2000) Identification of in vivo DNA
targets of chromatin proteins using tethered dam methyltransferase.
Nat. Biotechnol., 18, 424–428.
21. Carvin,C.D., Parr,R.D. and Kladde,M.P. (2003) Site-selective in vivo
targeting of cytosine-5 DNA methylation by zinc-finger proteins.
Nucleic Acids Res., 31, 6493–6501.
22. Curradi,M., Izzo,A., Badaracco,G. and Landsberger,N. (2002)
Molecular mechanisms of gene silencing mediated by DNA
methylation. Mol. Cell. Biol., 22, 3157–3173.
23. Papworth,M., Moore,M., Isalan,M., Minczuk,M., Choo,Y. and Klug,A.
(2003) Inhibition of herpes simplex virus 1 gene expression by designer
zinc-finger transcription factors. Proc. Natl Acad. Sci. USA, 100,
1621–1626.
24. Gowher,H., Loutchanwoot,P., Vorobjeva,O., Handa,V.,
Jurkowska,R.Z., Jurkowski,T.P. and Jeltsch,A. (2006) Mutational
analysis of the catalytic domain of the murine Dnmt3a DNA-(cytosine
C5)-methyltransferase. J. Mol. Biol., 357, 928–941.
25. Johnston,M. (1987) Genetic evidence that zinc is an essential co-factor
in the DNA binding domain of GAL4 protein. Nature, 328, 353–355.
26. Johnston,M. and Dover,J. (1987) Mutations that inactivate a yeast
transcriptional regulatory protein cluster in an evolutionarily
conserved DNA binding domain. Proc. Natl Acad. Sci. USA, 84,
2401–2405.
27. Arad,U. (1998) Modified Hirt procedure for rapid purification of
extrachromosomal DNA from mammalian cells. Biotechniques,
24, 760–762.
28. Millar,D.S., Warnecke,P.M., Melki,J.R. and Clark,S.J. (2002)
Methylation sequencing from limiting DNA: embryonic, fixed, and
microdissected cells. Methods, 27, 108–113.
29. Hsieh,C.L. (1999) In vivo activity of murine de novo
methyltransferases, Dnmt3a and Dnmt3b. Mol. Cell. Biol., 19,
8211–8218.
30. Suzuki,M., Yamada,T., Kihara-Negishi,F., Sakurai,T., Hara,E.,
Tenen,D.G., Hozumi,N. and Oikawa,T. (2005) Site-specific DNA
methylation by a complex of PU.1 and Dnmt3a/b. Oncogene, 25,
2477–2488.
31. Datta,J., Majumder,S., Bai,S., Ghoshal,K., Kutay,H., Smith,D.S.,
Crabb,J.W. and Jacob,S.T. (2005) Physical and functional interaction
of DNA methyltransferase 3A with Mbd3 and Brg1 in mouse
lymphosarcoma cells. Cancer Res., 65, 10891–10900.
32. Wang,Y.A., Kamarova,Y., Shen,K.C., Jiang,Z., Hahn,M.J., Wang,Y.
and Brooks,S.C. (2005) DNA methyltransferase-3a interacts with p53
and represses p53-mediated gene expression. Cancer Biol. Ther., 4,
1138–1143.
33. Gowher,H., Liebert,K., Hermann,A., Xu,G. and Jeltsch,A. (2005)
Mechanism of stimulation of catalytic activity of Dnmt3A and Dnmt3B
DNA-(cytosine-C5)-methyltransferases by Dnmt3L. J. Biol. Chem.,
280, 13341–13348.
34. Suetake,I., Shinozaki,F., Miyagawa,J., Takeshima,H. and Tajima,S.
(2004) DNMT3L stimulates the DNA methylation activity of Dnmt3a
and Dnmt3b through a direct interaction. J. Biol. Chem., 279,
27816–27823.
35. Ling,Y., Sankpal,U.T., Robertson,A.K., McNally,J.G., Karpova,T. and
Robertson,K.D. (2004) Modification of de novo DNA
methyltransferase 3a (Dnmt3a) by SUMO-1 modulates its interaction
with histone deacetylases (HDACs) and its capacity to repress
transcription. Nucleic Acids Res., 32, 598–610.
36. Isalan,M., Klug,A. and Choo,Y. (2001) A rapid, generally applicable
method to engineer zinc fingers illustrated by targeting the HIV-1
promoter. Nat. Biotechnol., 19, 656–660.
37. Papworth,M., Kolasinska,P. and Minczuk,M. (2006) Designer
zinc-finger proteins and their applications. Gene, 366, 27–38.
38. Wysocka,J. and Herr,W. (2003) The herpes simplex virus
VP16-induced complex: the makings of a regulatory switch.
Trends Biochem. Sci., 28, 294–304.
39. Weir,J.P. (2001) Regulation of herpes simplex virus gene expression.
Gene, 271, 117–130.
40. Bellefroid,E.J., Marine,J.C., Ried,T., Lecocq,P.J., Riviere,M.,
Amemiya,C., Poncelet,D.A., Coulie,P.G., de Jong,P., Szpirer,C. et al.
(1993) Clustered organization of homologous KRAB zinc-finger genes
with enhanced expression in human T lymphoid cells. EMBO J., 12,
1363–1374.
41. Mikovits,J.A., Young,H.A., Vertino,P., Issa,J.P., Pitha,P.M.,
Turcoski-Corrales,S., Taub,D.D., Petrow,C.L., Baylin,S.B. and
Ruscetti,F.W. (1998) Infection with human immunodeficiency virus
type 1 upregulates DNA methyltransferase, resulting in de novo
methylation of the gamma interferon (IFN-gamma) promoter and
subsequent downregulation of IFN-gamma production. Mol. Cell. Biol.,
18, 5166–5177.
42. Lee,J.O., Kwun,H.J., Jung,J.K., Choi,K.H., Min,D.S. and Jang,K.L.
(2005) Hepatitis B virus X protein represses E-cadherin expression
via activation of DNA methyltransferase 1. Oncogene, 24, 6617–6625.
43. McCabe,M.T., Low,J.A., Imperiale,M.J. and Day,M.L. (2006) Human
polyomavirus BKV transcriptionally activates DNA methyltransferase
1 through the pRb/E2F pathway. Oncogene, 25, 2727–2735.
44. Tsai,C.N., Tsai,C.L., Tse,K.P., Chang,H.Y. and Chang,Y.S. (2002) The
Epstein–Barr virus oncogene product, latent membrane protein 1,
induces the downregulation of E-cadherin gene expression via
activation of DNA methyltransferases. Proc. Natl Acad. Sci. USA, 99,
10084–10089.
45. Shamay,M., Krithivas,A., Zhang,J. and Hayward,S.D. (2006)
Recruitment of the de novo DNA methyltransferase Dnmt3a by
Kaposi’s sarcoma-associated herpesvirus LANA. Proc. Natl Acad. Sci.
USA, 103, 14554–14559.
46. Cui,H., Cruz-Correa,M., Giardiello,F.M., Hutcheon,D.F.,
Kafonek,D.R., Brandenburg,S., Wu,Y., He,X., Powe,N.R. and
Feinberg,A.P. (2003) Loss of IGF2 imprinting: a potential marker of
colorectal cancer risk. Science, 299, 1753–1755.
47. Reynolds,L., Ullman,C., Moore,M., Isalan,M., West,M.J., Clapham,P.,
Klug,A. and Choo,Y. (2003) Repression of the HIV-1 50 LTR
promoter and inhibition of HIV-1 replication by using engineered
zinc-finger transcription factors. Proc. Natl Acad. Sci. USA, 100,
1615–1620.
48. Segal,D.J., Goncalves,J., Eberhardy,S., Swan,C.H., Torbett,B.E., Li,X.
and Barbas,C.F.,III (2004) Attenuation of HIV-1 replication in primary
human cells with a designed zinc finger transcription factor. J. Biol.
Chem., 279, 14509–14519.
49. Kim,Y.S., Kim,J.M., Jung,D.L., Kang,J.E., Lee,S., Kim,J.S., Seol,W.,
Shin,H.C., Kwon,H.S., Van Lint,C. et al. (2005) Artificial zinc finger
fusions targeting Sp1-binding sites and the trans-activator-responsive
Nucleic Acids Research, 2007, Vol. 35, No. 1 111element potently repress transcription and replication of HIV-1.
J. Biol. Chem., 280, 21545–21552.
50. Fuks,F., Burgers,W.A., Godin,N., Kasai,M. and Kouzarides,T. (2001)
Dnmt3a binds deacetylases and is recruited by a sequence-specific
repressor to silence transcription. EMBO J., 20, 2536–2544.
51. Fuks,F., Hurd,P.J., Deplus,R. and Kouzarides,T. (2003) The DNA
methyltransferases associate with HP1 and the SUV39H1 histone
methyltransferase. Nucleic Acids Res., 31, 2305–2312.
52. Brenner,C., Deplus,R., Didelot,C., Loriot,A., Vire,E., De Smet,C.,
Gutierrez,A., Danovi,D., Bernard,D., Boon,T. et al. (2005) Myc
represses transcription through recruitment of DNA methyltransferase
corepressor. EMBO J., 24, 336–346.
53. Suzuki,M., Yamada,T., Kihara-Negishi,F., Sakurai,T., Hara,E.,
Tenen,D.G., Hozumi,N. and Oikawa,T. (2006) Site-specific DNA
methylation by a complex of PU.1 and Dnmt3a/b. Oncogene, 25,
2477–2488.
54. Li,H., Rauch,T., Chen,Z.X., Szabo,P.E., Riggs,A.D. and Pfeifer,G.P.
(2006) The histone methyltransferase SETDB1 and the DNA
methyltransferase DNMT3A interact directly and localize to promoters
silenced in cancer cells. J. Biol. Chem., 281, 19489–19500.
55. Sarraf,S.A. and Stancheva,I. (2004) Methyl-CpG binding protein
MBD1 couples histone H3 methylation at lysine 9 by SETDB1
to DNA replication and chromatin assembly. Mol. Cell, 15,
595–605.
56. Fahrner,J.A., Eguchi,S., Herman,J.G. and Baylin,S.B. (2002)
Dependence of histone modifications and gene expression on DNA
hypermethylation in cancer. Cancer Res., 62, 7213–7218.
57. Cameron,E.E., Bachman,K.E., Myohanen,S., Herman,J.G. and
Baylin,S.B. (1999) Synergy of demethylation and histone deacetylase
inhibition in the re-expression of genes silenced in cancer. Nature
Genet., 21, 103–107.
58. Tariq,M., Saze,H., Probst,A.V., Lichota,J., Habu,Y. and Paszkowski,J.
(2003) Erasure of CpG methylation in Arabidopsis alters patterns of
histone H3 methylation in heterochromatin. Proc. Natl Acad. Sci. USA,
100, 8823–8827.
59. Tamaru,H. and Selker,E.U. (2001) A histone H3 methyltransferase
controls DNA methylation in Neurospora crassa. Nature, 414,
277–283.
60. Jackson,J.P., Lindroth,A.M., Cao,X. and Jacobsen,S.E. (2002) Control
of CpNpG DNA methylation by the KRYPTONITE histone H3
methyltransferase. Nature, 416, 556–560.
61. Lehnertz,B., Ueda,Y., Derijck,A.A., Braunschweig,U.,
Perez-Burgos,L., Kubicek,S., Chen,T., Li,E., Jenuwein,T. and
Peters,A.H. (2003) Suv39h-mediated histone H3 lysine 9 methylation
directs DNA methylation to major satellite repeats at pericentric
heterochromatin. Curr. Biol., 13, 1192–1200.
62. Bachman,K.E., Park,B.H., Rhee,I., Rajagopalan,H., Herman,J.G.,
Baylin,S.B., Kinzler,K.W. and Vogelstein,B. (2003) Histone
modifications and silencing prior to DNA methylation of a tumor
suppressor gene. Cancer Cell, 3, 89–95.
63. Kim,G.D., Ni,J., Kelesoglu,N., Roberts,R.J. and Pradhan,S. (2002)
Co-operation and communication between the human maintenance and
de novo DNA (cytosine-5) methyltransferases. EMBO J., 21,
4183–4195.
64. Liang,G., Chan,M.F., Tomigahara,Y., Tsai,Y.C., Gonzales,F.A., Li,E.,
Laird,P.W. and Jones,P.A. (2002) Cooperativity between DNA
methyltransferases in the maintenance methylation of repetitive
elements. Mol. Cell. Biol., 22, 480–491.
112 Nucleic Acids Research, 2007, Vol. 35, No. 1